ASTHMA AND CHRONIC OBSTRUCTIVE pulmonary disease (COPD) are the most prevalent lung diseases and together make a substantial contribution to global morbidity and mortality (5, 7, 18, 40) . These disorders are based on an inflammatory/immune and repair process that changes the composition, quantity, and organization of the cellular and molecular constituents of lung tissue, and these changes tend to thicken the wall and narrow the lumen of the small conducting airways (30) . This airway remodeling coupled with smooth muscle contraction, loss of lung elastic recoil, and mucus plugging of the lumen leads to airway obstruction and reduces maximal expiratory flow. However, measurement of maximal expiratory flow cannot distinguish the relative contribution of the obstructive changes in the conducting airways from those of emphysema in an individual person. To date, the gold standard for the assessment of airway remodeling has been quantitative histological examination (9, 29) . Technical improvements in the spatial resolution of computed tomography (CT) have made it theoretically possible to examine medium-sized airways accurately. Furthermore, other imaging techniques such as optical coherence tomography (OCT) and magnetic resonance imaging (MRI) using hyperpolarized noble gas are providing information on airways that have not been available to this point. There is now more information being gathered on airway structure than ever before and it is important to determine how useful these data are. Has airway imaging provided insight into the prevalence, pathogenesis, phenotypic dissection and/or treatment of subjects who have lung disease? Many of these topics were recently reviewed (10 -13, 28, 54, 61, 73, 74, 76) so we have chosen to focus this review on some technical aspects of the use of these airway imaging modalities as applied to the study of human airways in health and disease. Although an efficient, available, and useful algorithm to measure airway wall dimensions is not yet available, we propose that it is coming and will be much more than a gimmick! The desire to acquire precise measurements of airway dimensions in vivo is driven by the desire to make meaningful measurements of airway wall remodeling in COPD and asthma. In COPD the impetus is the recognition that airflow limitations are caused by at least two pathophysiological processes that lead to distinct phenotypes. Although the inflammatory immune processes observed in the lung parenchyma and conducting airways appear similar (29) , the remodeling of the parenchyma is characterized by the disappearance of tissue due to emphysematous destruction of the gas exchanging surface of the lung, whereas the lesions in the small conducting airway result from an increase in airway wall tissue. Airway wall thickening is due to an increased volume of epithelium and smooth muscle and greater deposition of connective tissue including collagen in the lamina propria and adventitial compartments of the airway wall. It is also known that emphysematous destruction of the lung parenchyma causes airflow limitation due to loss of elasticity of the lung. The ability of an imaging technique to determine the relative contributions of airway remodeling and emphysematous destruction to functional parameters would have significant clinical value. In particular, it would be possible to monitor the efficacy of treatments specifically directed toward either or both of the parenchymal and small airway components of COPD.
Assessment of airway dimensions is also a potentially useful phenotype in asthma. The severity of lung dysfunction in asthmatic subjects has been shown to be related to central airway wall thickness measured on CT (52) and improvement of lung function after administration of inhaled steroids was related to reduced wall thickness (53) . An accurate, noninvasive measure of the extent of airway wall remodeling might be a useful additional parameter in the clinical assessment of asthmatics and could inform the need for more or less intensive anti-inflammatory therapy.
COMPUTED TOMOGRAPHY OF AIRWAYS
The measurement of airways using CT has its roots in histology. Airways are measured in cross section, and while this was originally performed manually, it quickly became obvious that due to measurement errors associated with the display features of the CT images as well as inter-and intra-observer variation, automated airway analysis was the desired method (44, 55) . In the intervening years there have been numerous studies designed to develop and implement airway analysis algorithms (31, 49, 50, 58, 67) but to date there is no consensus on the most appropriate method because all algorithms seem to come with their own set of problems.
Technical issues and accuracy. To be useful clinically the measurement of airway dimensions has to be accurate and provide an absolute or relative estimate of the true airway anatomy. Testing the accuracy of a CT measurement requires a gold standard. Although the ability of CT to estimate the macro or microscopic extent of emphysema has been studied extensively (14, 21-23, 37, 47) , there are fewer studies comparing airway measurements to a gold standard. For airways a number of investigators have validated their automated methods using phantoms (4, 27, 31, 45, 56, 58, 59, 63, 75) , which are usually plastic tubes of variable density often imbedded in a lower density material to simulate airways within the lung parenchyma. The accuracy of the CT algorithms as judged against the phantoms has generally been excellent; however, the use of smooth-edged artificial airways is an unrealistic recreation of true airways. The tubes do not have the subtle mucosal folding that is characteristic of airways, there is no liquid lining layer, and they are usually positioned exactly perpendicular to the plane of the CT image, whereas most airways will be sectioned somewhat obliquely to the CT image plane. A more robust gold standard would be actual human airways within inflated lung measured by classical stereological methods on histological sections. Nakano et al. (51) related the CT dimensions of airways measured on resected lungs and lobes to the dimensions of the membranous bronchioles measured histologically on the same lungs. They found that the degree of airway wall thickness of the airways large enough to measure on CT [Ͼ2 mm internal diameter, as defined using previous results showing that the error in the airway wall measurements became very large using this focal spot size and reconstruction algorithm (50) ] was significantly related to the dimensions of the smaller bronchioles measured histologically. However, they did not attempt to match airways, and the relative wall area of the airways measured by CT was greater than that measured histologically, suggesting that a systematic error may have been present.
Although this is primarily a review of published results, we have chosen to include some original data that address the issue of the validity of the absolute measurements of airway dimensions as measured by CT. We recently completed a study to compare CT estimates with histology. These analyses were performed on six patients who required either lobectomy or pneumonectomy to remove a peripheral, nonobstructing bronchogenic carcinoma. All of these patients had agreed to participate in an ongoing study of lung structure and function that has been fully described elsewhere (72) and has been approved by the ethical review boards of both St. Paul's Hospital and the University of British Columbia.
As part of their clinical care, six subjects received a noncontrast, helical CT examination on either a General Electric LightSpeed Plus (n ϭ 2), LightSpeed Ultra (n ϭ 2), or a Siemens Sensation 16 (n ϭ 2). CT examinations were acquired at 120 kVp and 160.8 ( Ϯ 1.3) mAs with the subjects supine while breath holding at suspended full inspiration. The CT images were reconstructed using a high spatial frequency kernel (i.e., "Bone" on General Electric or "B60f" on Siemens scanners), which has been previously employed (50) , and contiguous thin sections (i.e., 1.25 mm on General Electric or 1.0 mm on Siemens scanners). Pixels dimensions ranged from 0.57 to 0.69 mm using a 512ϫ512 matrix.
Following surgery, the resected specimens were transferred directly from the operating room to the laboratory where they were inflated with fixative (at 25 cm of water pressure) and sectioned in the axial plane. The cut surfaces of these slices were matched to the corresponding CT image using airways and blood vessels as anatomical landmarks. The matched airways on the cut surface of the lung slice were excised with some surrounding lung parenchyma and an image of the airway was captured using a high resolution digital camera (Nikon Coolpix, Nikon) (Fig. 1, B , E, and H) and the tissue blocks containing the airway were subsequently processed for histology. The microscopic digital images of the airways (Fig. 1, A , D, and G) were analyzed using the computer software Image Pro Plus 4.0. (Media Cybernetics, Silver Spring, MD). The CT image of the corresponding airways is shown in Fig. 1, C, F , and I.
Parameters measured on the microscopic images and CT images are shown in Fig. 2 and included: 1) Ai (internal area in mm 2 ): the area of the lumen of the airway measured by tracing the internal perimeter (Pi) of the lumen; 2) Awa (airway wall) the area enclosed by the outer (adventitial) border of the airway minus the luminal area (Ai).
Airway measurements on CT (Fig. 1C) were obtained using EmphylxJ a previously described custom computer algorithm (50) .
A total of 60 airways from 6 lung or lobar specimens were measured on microscopic images and could be matched with the same airways on CT images. Histological measurements of the airway lumen area averaged 6.4 Ϯ 4.4 mm 2 (median 5.5 mm 2 ) and ranged from 0.6 to 23.4 mm 2 , which corresponds to a mean lumen diameter of 2.7 Ϯ 1.0 mm (median 2.6 mm, range 0.8 to 5.5 mm). The corresponding value for Ai measured on the macroscopic images was 6.4 Ϯ 4. , range 1.0 to 42.8) whereas the corresponding value for wall area on the gross images was 6.0 Ϯ 5.2 (median 4.5 mm, range 0.7 to 24.6). Figure 3A shows a Bland and Altman plot for the difference between the luminal area (Ai) measured histologically vs. Ai measured with the computer algorithm. These data show that the algorithm underestimates the lumen area across airways of all sizes compared with the measurements obtained using histology (corrected for shrinkage). Figure 3B shows a Bland and Altman plot for the difference between the airway wall area (Awa) measured histologically vs. Awa measured using CT. These data show that the algorithm overestimates airway wall area for all airway sizes. When the data are expressed as relative error the discrepancy between CT and histology becomes greater in smaller airways (not shown).
Despite these errors the relationships between the histological and CT measurements were linear and significant: CT Ai mm 2 ϭ Ϫ0.31 mm 2 ϩ 0.59 mm 2 histology Ai (R 2 ϭ 0.47). CT Awa mm 2 ϭ 10.4 mm 2 ϩ 0.60 mm 2 histology Awa (R 2 ϭ 0.44). Thus one measurement was related to the other but the intercepts and slopes were considerably different from 0 and 1.
There are multiple potential reasons why CT measurements may not accurately reflect morphologic measurements. 1) The
Fig. 1. Three separate airways (A-C, E-F, G-I) that have been compared using hematoxylin and eosin-stained histology (A, D, G), gross pathology (B, E, H), and computed tomography (CT; C, F, I).
Airway A-C is larger than airway E-F, which is larger than airway G-I. Airways were identified and matched by comparing the cut surface of gross pathology lung slices to the CT images and matching for as many anatomic landmarks as possible. Dotted lines on the images show where the measurements of lumen area and wall area were made. Dotted line on the CT image was produced using the CT analysis algorithm (full width at half maximum). Scale bar represents 0.5 mm. Wall area on the CT appears blurred because of magnification and the display parameters (window width and level) that were chosen but is also indicative of the lesser spatial resolution of the CT images.
long axes of the airways are often oblique to the acquisition and reconstruction plane of the CT images, which distorts the airway lumen and wall dimensions due to the volume averaging that occurs because of the thickness of the CT slices (49) .
2) Folding of the airway mucosa also creates difficulty in estimating Ai and Aaw for several reasons. First, each fold can be appreciated and traced when measured using histology, allowing the area between the folds to be assigned to the lumen. In contrast, these areas of lumen will probably be assigned to the wall in the CT analysis because the folds are well below the resolution of the CT scanner. In addition, in vivo these mucosal folds may actually be filled with surface lining fluid thereby effectively reducing the "real" lumen of the airway and making it closer to the lumen area measured using CT. Unfortunately, this fluid may be removed in laboratory processing resulting in the overestimation of the lumen area by histology. 3) Furthermore airway smooth muscle relaxation occurring either postoperatively or during fixation could cause a true increase in Ai measured histologically. 4) Technical factors related to the characteristics of the CT including the focal spot size of the CT scanner, the slice thickness, pointspread function of the scanner, partial volume averaging, the location of the airway within the field of view and the reconstruction kernel used to generate the image may affect the edge detection of the measurement algorithms. All of these factors can play a role in how well the airway is measured. Some of these parameters, such as airway algorithms that take into account the point-spread function of the CT scanner or where the airway is located within the field of view, may be minimized with time and more research. However, other parameters such as the focal spot size of the scanner and slice thickness are physical limitations of the CT scanner and may represent a limit that clinical CT scanners cannot pass. 5) Finally, because the matching of the airway on CT and macroscopic lung images was done using a visual comparison of the cut surface of lung slices and the CT scans, it is likely that some of the discrepancy between CT and histological measurements is due to a failure to precisely match the airways in terms of exact location and orientation with respect to the cut surface of the lung or the CT image, One such example could be Fig. 1B .
The errors in measurement of airway dimensions related to obliquely sectioned airways and volume averaging is theoretically mitigated by newer multi-detector CT scanners that reconstruct images using submillimeter slice thickness. Many of the new CT measurement algorithms use these new CT scans to realign the airway along the axis of the airway so that it is always cut in cross section, thereby minimizing volume averaging errors (Fig. 4) . Of course while very appealing, this approach relies on the quality of the CT voxels, i.e., slice thickness and overlap between images.
Despite the dataset above and published results (31, 50) showing that CT overestimates the absolute values for airway wall area and underestimates luminal area, these results show that CT is useful for assessing the relative dimensions of the airways with the caveat that the same algorithm is used in any comparisons. Although the errors may be systematic when using one algorithm there is evidence that the size of the overand underestimations differ with different algorithms (50). This forms a major drawback to airway research because there is no consensus about the appropriate algorithm to use limiting comparison of results between studies where different algorithms are employed (10) . It is for these reasons that a recent COPD Foundation workshop held a consensus session on the use of CT in COPD (71) and the Radiological Society of North Fig. 2 . A schematic of a cross-sectioned airway and blood vessel showing the measurements that were made. Pi, internal perimeter; Po, external perimeter; Ai, luminal area; Aaw, airway wall area. If an airway abutted a blood vessel the thickness of the airway wall was maintained over the area of contact as illustrated by the dotted line. America has formed a COPD and Asthma technical committee as part of their quantitative imaging biomarkers alliance (QIBA) (http://www.rsna.org/QIBA.aspx). If CT methods are going to be used in the study of airways there must be protocols and standards that are rigorously followed.
Use of CT airway algorithms to measure airways. Irrespective of the lack of consensus regarding the most appropriate airway algorithm, investigators have used CT to measure airway dimensions in subjects with COPD and asthma. In one of the earliest studies, Nakano et al. (48) assessed the apical segmental bronchus of the right upper lobe (RB1) in 114 smokers and showed that there was a significant correlation between the WA% (percentage of wall area to lumen area ϩ wall area) and abnormal lung function, which was independent of the contribution of emphysematous changes in the lung. These and additional similar studies have clearly shown that airway and parenchymal abnormalities as measured on CT both relate to abnormal lung physiology and that one or other of the abnormalities may predominate in individual subjects. For example, in a large family-based study Patel and colleagues (57) confirmed that airway wall abnormalities and emphysema contributed independently to decline in FEV1 among smokers and also found that the predominant pathology showed familial concordance suggesting that specific pathogenetic mechanism are heritable. Related individuals who smoked were more likely to show concordance of airway or parenchymal disease than unrelated individuals.
Despite the relative lack of studies comparing CT measurements of airway dimensions with an anatomical gold standard there are many studies in which airway CT has been compared with symptoms and lung function. Interestingly these studies have shown that airway measurements have different relationships to specific symptoms and function tests than do measurements of emphysema. For example, symptoms usually associated with the "bronchitic" phenotype of COPD, including cough, wheeze, MRC-bronchitis score, and dyspnea have been found to be more strongly related to airway measurements of the medium or large airways than are measures of emphysema (24, 38) . Recently Martinez et al. (39) examined the relationships between quantitative computed tomography (QCT) parameters of emphysema, airway wall remodeling, and airway narrowing to composite clinical and physiological indices of COPD such as the BODE index (body mass index, airflow obstruction, dyspnea, and exercise capacity) and a measurement of health status assessed using the St. George's Respiratory Questionnaire (SGRQ). Not surprisingly these QCT esti- mates of pathological changes were related to measures of clinical impact. More interestingly, the authors found that there were differences in the strength of the associations between measures of emphysema and airway disease and the composite indices. Measures of emphysema were more closely related to the BODE index, whereas the airway wall abnormalities were better predictors of the health status as measured by the SGRQ.
Most of the studies mentioned previously have relied on measuring random airways within the lung that happen to be cross-sectioned on the CT images. Although this approach was necessary using the standard high-resolution CT technique (axial images, gaps between images) CT scanner technology has improved dramatically over the last decade and multidetector row CT scanners can now acquire images of the entire bronchial tree at or near submillimeter resolution. These scanners allow the acquisition of volumetric datasets so that the airway tree can be segmented, often as far as the 8th generation. This approach is thought to be superior to the random sampling technique because now one can select specific airways within the bronchial tree for measurement and for comparison between individuals (Fig. 4) . In fact, data suggest that measurements of the 5th and 6th generation of the airway tree show a stronger association with lung function than do the measurements of more central airways (16, 27) .
Even at this resolution, the airways are still not the small airways that are responsible for the airflow limitation. However, the functional consequences of remodeling of the even smaller airways can be measured by estimating gas trapping on expiratory CT scans. This can be quantified by measuring the percentage of lung voxels with x-ray attenuation values less than Ϫ856 HU on an expiratory scan. The threshold value of Ϫ856 HU (79) was chosen because previous work suggests that this value conforms to maximal lung inflation near total lung capacity and no lung units should remain this inflated on expiration. There are compelling data that gas-trapping measured by this technique is sensitive to airflow abnormalities and does correlate with clinical symptoms in severe asthmatics and to response to therapy (8, 80) . There are also data that show that gas-trapping on expiratory CT can help identify and separate subjects with airflow limitation within a general population of smokers (46) . Although the examination of expiratory CT scans is an interesting method to test for small airway disease, it is still only a surrogate measure at present, and more data are needed to assess the general applicability.
Although it is well accepted that the site of airflow limitation in COPD is the small airways, a new hypothesis has recently been proposed for airflow limitation by McDonough and Hogg (42) . These investigators counted the total number and size of airways that could be visualized on multi-row detector CT scans in subjects with COPD compared with normal. They observed far fewer airways in those with severe airflow obstruction. Although this result might come about because the airways were too small to be detected in the obstructed individuals they also did microCT on small samples of diseased lung tissue where the resolution was sufficient to detect all visible airways (16 m). On the microCT images they found a striking reduction in the number of terminal bronchioles as well as severe narrowing. Additionally they found that the reduction in terminal bronchiolar number was present even in areas of the lung without emphysema, suggesting that there is a significant loss of small airways in smokers preceding the development of emphysema and that the remodeling that is observed occurs only in the survivor airways (42) . This is a very unique hypothesis because it shows that the destructive process that occurs in the lung parenchyma only micrometers away from the airway can also affect the airways themselves. Other data by Diaz et al. have shown that subjects with more advanced emphysema also have a reduction in the number of airways within generations 5-8 and that the loss of these airways was an independent predictor of the BODE score (17) .
CLINICAL APPLICATIONS OF CT?
The studies reviewed in the previous section suggest that it may be time to incorporate CT measurements of airway remodeling into the clinical assessment and management of COPD. CT can allow the contributions of airway and parenchymal changes to be determined, and these measures relate differently to symptoms and to pulmonary function. Recently Han and colleagues (25) studied the relationship between radiologic emphysema, airway disease, and acute exacerbations of COPD. They showed that, irrespective of the level of airflow limitation, assessed using spirometry, increases in the airway wall thickness and the extent of emphysema (in subjects with severe emphysema) both predicted increased risk of acute exacerbations (25) . The results of this investigation may allow clinicians and clinical investigators to identify who is at greatest risk for an acute exacerbation of COPD and to select patients in whom to maximize preventive therapies in the outpatient setting. One additional practical application of quantitative CT imaging is the recent trial of bronchoscopically placed one-way valves to achieve minimally invasive volume reduction. These studies have shown that valve placement can result in an overall decrease in lung volume (15) , and in other studies CT has been used to demonstrate that those subjects with incomplete interlobar fissures have the lowest chance of procedural benefit likely due to collateral ventilation (62) . Despite these promising leads there is, as yet, no clear vision of how quantitative assessments of parenchymal, airway, and vascular disease can guide the clinical care of patients with COPD. True integration into clinical care will depend on two major developments; the acceptance of a standard method to measure airway wall remodeling and clear evidence that the management of individual patients who have, or are at risk for, COPD should differ based on this information. Tempering enthusiasm for the clinical use of CT as a management tool is the increasing awareness of the risks associated with the radiation exposure necessary for CT acquisition. Although the estimates of the associations between the dose of radiation and risk of cancer vary and remain highly controversial (35, 64, 65, 69) , there are consistent data showing that medical radiation, and CT in particular, is the second largest source of ionizing radiation after natural background radiation (1, 6) . Therefore, all studies recommend using the ALARA principle (as low as reasonably achievable) when exposing subjects to medical radiation.
MAGNETIC RESONANCE IMAGING
A recent novel approach to airway imaging has been the use of MRI to assess airway function. Although conventional proton MRI is readily available in most radiology departments, a number of fundamental challenges have limited its usefulness for lung imaging [reviewed here (19, 74) ]. However, recent attention has turned to imaging following the inhalation of hyperpolarized helium or xenon gas because it is possible to observe and quantify the regions of the lung that receive gas during a normal breath hold and to use these measurements to quantify airway function within that region (32, 41, 66, 70) . By using this approach, the volume or percentage of the lung that does not receive hyperpolarized gas is quantified as the ventilation defect volume/percentage. These ventilation defects can be due to airway obstruction or emphysematous destruction (41) , but when combined with another MRI measurement, the apparent diffusion coefficient, measurements of alveolar size can be derived and used to separate the two processes (41, 60, 78) . Another advantage to MRI is that imaging can be performed during an inhalation and exhalation (wash-in or washout) maneuver that may provide dynamic information on lung function. Additionally, because there is no-ionizing radiation associated with MRI this technique is ideal for longitudinal studies to follow disease progression and or response to an intervention. However, there are numerous drawbacks to this technique. First, this is a very technically demanding technique and is, currently, limited to only a few select centers in the world. Second, most of the research in this field has used hyperpolarized helium, but there is a finite amount of this gas available and the cost has risen substantially over the last few years leading many centers to begin to use xenon. Finally, there is still a lot of basic research that needs to be completed in this field to understand the data that are being produced. For example, what is the exact cause of the ventilation defects? It seems obvious that when gas does not reach a region of the lung there is some barrier to ventilation, but how much of that is related to airways and how much is caused by the lung parenchyma is still unknown. However, although the clinical potential of this approach is still to be determined, the available data do suggest that these measurements can provide useful information on disease mechanisms in asthma and COPD, and this technique may provide a new method to assess lung structure and, most importantly, function.
OPTICAL COHERENCE TOMOGRAPHY
There are many optical techniques for measuring airways, including confocal microscopy, video bronchoscopy, and OCT. Many of these have been reviewed recently (54) , and in the current review we have chosen to focus on just one of these, OCT. OCT is a new and exciting technique that has some interesting applications to the study of airways. Initially OCT was developed for ophthalmic applications in the early 1990s and is now used in other organ systems including the heart to assess vessel structure and atherosclerotic plaques. Recently investigators have begun applying OCT to studies of airway wall structure because the relatively noninvasive nature of the technique allows the acquisition of extremely highresolution images of the bronchial walls. OCT is ideal for airway assessment because although the technique is analogous to B-type ultrasound, OCT uses a low coherence near-infrared light such as that from a 1,300-nm superluminescent diode source instead of sound and, therefore, does not require a transducing medium. The basic physics and technical aspects of OCT and the different types of OCT including the new frequency domain OCT are beyond the scope of this review but have been described elsewhere (12, 13, 33, 54) . Briefly, imaging is achieved by passing a small fiberobtic cable (1.3 mm total diameter) into the distal airways through the biopsy port of a standard bronchoscope. Images are acquired by a rotating probe that directs (and scans) the airway wall in a circumferential manner building up two-and three-dimensional images of the wall microstructure (Fig. 5) . The near-infrared light will penetrate the airway wall to depths of up to 2-3 mm, and Fig. 5 . Optical coherence tomography (OCT) images of a medium-sized airway in cross-section (A) and reconstructed 3-dimensional airway obtained by a "pull back technique" where the OCT probe is retracted 5 cm up the airway during scanning (B). OCT probe and surrounding catheter can be seen in lumen of A. A also shows the bright contrast pattern of the lamina propria and the less contrast of the epithelial layer and the cartilage. The pull back technique produces images of an airway path while the OCT probe is automatically retracted 5 cm. Images are obtained in a "helical" method and can be reconstructed into the 3-dimensionalbecause the composition and density of the different layers of tissue (e.g., lumen, epithelium, and extracellular matrix), have different optical refractive properties, they produce distinct image patterns on OCT. For example, collagen and elastin have very strong back-scattering properties compared with the epithelial layer; thus, extracellular matrix appears brighter on OCT than the epithelial layer (Fig. 5) . Furthermore the spatial resolution of OCT approaches 10 m in vitro and 20 -30 m in vivo (16, 26) , giving it a distinct spatial resolution advantage over CT and MRI but also has advantages over confocal microscopy in that it can penetrate tissue three times deeper, does not require contact with the tissue surface, and is less susceptible to motion artifacts from cardiac pulsation and respiratory movements (20) . The size of the probe (1.3 mm total diameter) makes it ideal for imaging of small airways but less ideal for larger airways as the light does not penetrate well in airways with diameters larger than 2 cm. This is a great advantage over CT imaging because images of the airway wall at site of airflow limitation can be obtained. The main disadvantage of OCT is that it requires bronchoscopy. However, OCT is safe and generally well tolerated, and the light source has not been associated with any significant health hazards.
The use of OCT imaging of airways to assess airflow limitation is limited, but preliminary data are promising (26, 34, 68) . In a proof-of-principle study in assessing airway remodeling of COPD, we reported a strong correlation between CT and OCT measurements of lumen and wall area (16) . However, what we also found was that although there was a correlation between FEV 1 % predicted and both CT and OCT measured wall area the slope of the relationship was much steeper using OCT than using CT, suggesting greater sensitivity of OCT in detecting changes in wall measurements that relate to FEV 1 (16) .
Another type of OCT imaging that has been described is anatomical OCT (aOCT), which uses an extended range approach specialized for scanning the lumen of large structures such as the upper and central airways. This technique can produce images that are similar to CT images but with much greater resolution. The disadvantage of aOCT is that although it produces surface images, the spatial resolution of the subsurface structures is limited. Therefore, aOCT is used to image the upper airways and pharyngeal area in conditions such as obstructive sleep apnea to examine changes in airway shape and size during the respiratory cycle during sleep Williamson and colleagues (77) recently reported on the use of aOCT to study obstructive lung disease. They used aOCT to compare the elastic properties of the central airways in patients who had COPD, asthma, bronchiectasis with subjects without airway disease. They found that the airway lumen area was lower in subjects with asthma and that the relationship between transpulmonary pressure and lumen area was altered in COPD (77) . These data indicate that aOCT can be used to assess changes in the elastic properties of the central airways of subjects with chronic airflow obstruction.
Finally, aOCT images can be reconstructed into three-dimensional images (43) to allow geometric computational flow modeling of the pharynx during the inspiratory phase of the respiratory cycle (36) . Although aOCT does show some promise to be able to measure size and shape dynamically and repeatedly over extended periods, aOCT systems are still experimental and only exist in research laboratories.
OCT is an exciting new technique but there are still a lot of questions to be answered about its utility. For example, because OCT is a dynamic in vivo imaging modality, standards for proper measurements of airway dimensions need to be developed. Deep inspiration increases the size of airway lumen (and decreases the airway wall thickness), whereas full expiration decreases the luminal size. Thus it is imperative that the measurements be standardized or normalized to a particular phase of the respiratory cycle. Additionally, more validation of the measurements compared with histology must be performed to determine the accuracy of the technique. Furthermore, variation in bronchial anatomy and heterogeneity of disease activity may make it challenging to accurately and consistently measure airways or to be positive that images are being obtained from the same airway during subsequent imaging procedures. Therefore, variation in airway measurements within and between subjects must be quantified before this approach can be used clinically. However, that being said the exquisite resolution of this technique makes it very appealing to study interventions on airway dimensions. It may be that this is the best technique for assessing changes in airway wall structure in short-term clinical trials.
SUMMARY
A proper understanding of airway structure is vital for the understanding of airway function and theoretically could be useful in the clinical management of individual patients. Historically the only way to measure the airway wall was to prepare histological sections, but the advent of new noninvasive imaging techniques means that anatomic and structural information can be acquired without the need for histology. These new techniques, including CT, MRI, and OCT provide unique tools to be able to assess airway structure. However, none of these techniques are without problems and limitations and it may seem that these airway tools are more gimmicks than useful tools. On the other hand, it may also be that a careful understanding of how these tools are used will still provide useful data that have not been available to date. It may be that CT can and should be used to initially assess subjects with airway disease, but OCT should be used to provide the detail of the airway wall that is beyond the resolution of CT. Furthermore, the functional aspects of MRI provide a unique way to assess how the airway structure relates to lung function that has not been available until now. Therefore, noninvasive airway imaging is a useful and helpful clinical research tool and should be used in the study of lung diseases responsible for chronic airflow limitation and the response to intervention. quantify the CT scans in subjects with very severe COPD. There is no financial relationship between any industry and the current study.
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